Ethanol is well known as an inhibitor of growth of microorganisms. It has been reported to damage mitochondrial DNA in yeast cells (13) and to cause inactivation of some enzymes, such as hexokinase (2) and dehydrogenase (23) . Nevertheless, some strains of the yeast Saccharomyces cerevisiae show tolerance and can adapt to high concentrations of ethanol (1, 9) . Many studies have documented the alteration of cellular lipid composition in response to ethanol exposure. (4, 8, 14, 16, 21, 32) . It has been found that S. cerevisiae cells grown in the presence of ethanol appear to increase the amount of monounsaturated fatty acids in cellular lipids (1, 4, 26) . Since cell membranes have received extensive consideration as primary targets of ethanol stress, many reports have suggested a relationship between the fatty acid compositions of lipid membranes and ethanol stress tolerance (1, 4, 9, 21, 26) . Although the correlation between ethanol tolerance and increased degree of fatty acid unsaturation of membrane lipids of S. cerevisiae is well documented, a causal relationship is not yet established.
Unlike in most other fungi (33) , the predominant unsaturated fatty acids (UFAs) of S. cerevisiae are the mono-UFAs palmitoleic acid (⌬ 9 Z-C 16:1 ) and oleic acid (⌬ 9 Z-C 18:1 ), produced by the formation of a Z (cis) double bond between carbon atoms 9 and 10 of saturated 16-and 18-carbon fatty acids. These UFAs play an essential role in homeoviscous adaptation (11) and are synthesized in fungal and animal cells by acyl coenzyme A (CoA) ⌬ 9 Z-desaturases (3, 5, 30, 31) , which have significant levels of conservation of amino acid sequence and inferred transmembrane structure (20, 31) . Functional replacement of OLE1 with a cDNA encoding a rat desaturase indicates conservation of the functional interactions between desaturases and two essential electron transport components of the active desaturase complex, cytochrome b 5 (a hemoprotein) and cytochrome b 5 reductase (flavoprotein) (12, 22, 24, 27, 28) . Recently, cDNAs encoding integral membrane desaturases of lepidopteran insects (moths) have also been shown to relieve the UFA auxotrophy of ole1 mutants of S. cerevisiae and to produce unique UFA profiles that reflect the distinctive substrate selectivities and regioselectivities of the expressed desaturases (17, 18, 20, 25) . In this study, we have investigated the ethanol stress tolerance of these strains as well as the desaturase-deficient ole1 strain supplemented with specific ⌬ 9 and ⌬ 11 UFAs.
MATERIALS AND METHODS
Strains. The S. cerevisiae desaturase-deficient ole1 knockout strain L8-14C (MAT␣ ole1⌬::LEU2 leu2-3 leu2-112 trp1-1, ura3-52 his4), which is incapable of producing UFAs (31) , was used in UFA supplementation experiments and as a host in transformation experiments to introduce YEpOLEX plasmids containing cDNAs encoding acyl-CoA ⌬ 9 and ⌬ 11 Z-desaturases of Trichoplusia ni (17, 20) and Helicoverpa zea (25) , and YEp352 containing the OLE1 gene encoding the ⌬ 9 Z desaturase of S. cerevisiae (31) . Desaturase expression plasmids and transformation procedures. The construction of the plasmids used to direct the expression of the recombinant insect desaturases has been described previously (17, 20, 25) . In brief, the open reading frames (ORFs) of desaturases from two moth species, Trichoplusia ni (17, 20) and Helicoverpa zea (25) , were subcloned into a plasmid derivative of YEp352/ OLE4.8 in a procedure similar to that used to construct a functional yeast/rat chimeric desaturase cDNA (17, 31) . The final plasmids, designated YEpOLEXHzeaKPSE, YEpOLEX-TniNPVE, YEpOLEX-HzeaLPAQ, and YEpOLEXTniLPAQ, contain ORFs encoding ⌬ 9 or ⌬ 11 Z-desaturases ligated via a fourcodon linker in frame with and downstream from the 5Ј end of the OLE1 ORF encoding the first 27 amino acids of the yeast desaturase, as in the original construct containing the functional yeast/rat desaturase gene (31) . Sequences flanking the chimeric ORF consisted of the promoter and terminator elements of the OLE1 gene contained on the original YEp352/OLE4.8 plasmid.
L8-14C cells were transformed with the plasmid DNAs by a standard method (15) , and URA ϩ transformants (reflecting complementation of the ura3-52 mutation of the host strain by the URA3 gene present in the YEpOLEX plasmid) were selected at 30°C on SD agar plates (1. 4 cells per ml with cells from freshly grown late-log-phase (1 ϫ 10 8 to 2 ϫ 10 8 cells per ml) cultures and agitated at 300 rpm in a New Brunswick Scientific G25 orbital shaker at 30°C. Growth was monitored by optical density at 600 nm (OD 600 ) and by hemocytometer counts.
For ethanol stress tolerance studies of the transformant strains, each culture was started by inoculating 50-ml Erlenmeyer flasks containing 10 ml of YPD liquid medium made 5% (vol/vol) in ethanol to a density of 10 6 cells per ml with cells from actively growing mid-log-phase (1 ϫ 10 7 to 2 ϫ 10 7 cells per ml) cultures and vigorously agitated at 30°C as above for 60 h. For studies of the UFA profiles of the TniNPVE transformant grown at different ethanol concentrations, cultures were established and grown as described above in the presence of 0, 1, 3, and 5% ethanol, and fatty acids were analyzed when the cell density reached 2 ϫ 10 7 cells per ml. For ethanol stress tolerance studies of the L8-14C (ole1) strain supplemented with specific UFAs, actively growing L8-14C cells (described below) were transferred to 10 ml of YPD liquid medium made 5% in ethanol and supplemented with the following UFA treatments: 1 mM ⌬ 9 Z-C 18:1 , 1 mM ⌬ 9 Z-C 16:1 , 1 mM cis-vaccenic acid (⌬ 11 Z-C 18:1 ), 0.33 mM ⌬ 9 Z-C 16:1 plus 0.66 mM ⌬ 9 Z-C 18:1 , 0.33 mM ⌬ 9 Z-C 16:1 plus 0.66 mM ⌬ 11 Z-C 18:1 , 0.66 mM ⌬ 9 Z-C 16:1 plus 0.33 mM ⌬ 9 Z-C 18:1 , and 0.66 mM ⌬ 9 Z-C 16:1 plus 0.33 mM ⌬ 11 Z-C 18:1 . UFAs (SigmaAldrich) were solubilized with Tergitol as described above for incorporation in SD agar plates. The inocula for the treatment groups were cells harvested from a mid-log-phase culture of the L8-14C strain started in a 250 ml Erlenmeyer flask containing 50 ml of YPD liquid medium supplemented with 0.5 mM palmitoleic and 0.5 mM oleic acid and grown as described above for growth in the absence of ethanol. When the culture reached a density of 2 ϫ 10 7 cells/ml, the cells were pelleted, washed twice in water, and used immediately to inoculate each of the various 10-ml treatment groups to a density of 1 ϫ 10 6 cells per ml. Fatty acid analysis. Cells were pelleted and washed in water twice, and total lipids were extracted with chloroform-methanol (2:1 [vol/vol]) and then methylated with 0.5 M KOH-methanol. The fatty acid methyl esters were analyzed by gas chromatography-mass spectroscopy with a Hewlett-Packard (HP) 5890 gas chromatograph (HP1 capillary column, inside diameter of 25 by 0.2 mm, film thickness of 0.5 m) coupled to an HP 5970 series mass selective detector. The oven temperature was programmed at 125°C for 3 min and then at 5°C per min until 245°C and held for 32 min. The double-bond positions of UFA methyl esters were verified by mass spectral analysis of dimethyl disulfide adducts (6).
RESULTS
Fatty acid compositions of S. cerevisiae strains expressing insect desaturases. The proportions of 16-and 18-carbon saturated and unsaturated fatty acids produced in the S. cerevisiae L8-14C (ole1) strain transformed with YEpOLEX plasmids expressing acyl-CoA ⌬ 9 or ⌬ 11 Z-desaturases of T. ni and H. zea are summarized in Table 1 . The proportions of UFAs in midlog-phase cells of the HzeaKPSE transformant were similar to those of the reconstituted OLE1 strain: i.e., ⌬ 9 Z-C 16:1 and ⌬ 9 Z-C 18:1 in about a 2:1 ratio, although the latter strain had a slightly higher ratio of UFAs to saturated fatty acids (SFAs). In contrast, the TniNPVE, HzeaLPAQ, and TniLPAQ transformants produced UFA compositions that are unusual for S. cerevisiae. In the TniNPVE transformant, the ratio of ⌬ 9 Z-C 16:1 and ⌬ 9 Z-C 18:1 was the opposite of that of the HzeaKPSE transformant, and the reconstituted OLE1 strain (i.e., ⌬ 9 Z-C 18:1 ) predominated. The only UFA produced by the Hzea-LPAQ transformant was ⌬ 11 Z-C 16:1 , whereas the TniLPAQ transformant produced about 2.5 times as much ⌬ 11 Z-C 16:1 as ⌬ 11 Z-C 18:1 . All of the strains grew well in standard complete growth medium (YPD) lacking ethanol, although the reconstituted wild-type (OLE1) strain expressing the native yeast desaturase had a significantly shorter lag phase than the four recombinant strains expressing insect desaturases (Fig. 1A) .
Ethanol stress tolerance of the transformant strains expressing insect desaturases. The growth of the transformant strains under ethanol stress was investigated by adding freshly grown cells to YPD liquid medium containing 5% ethanol as described in Materials and Methods (Fig. 1B) . The TniNPVE transformant was the most resistant to the growth-inhibiting effects of ethanol, followed by the reconstituted OLE1 strain. The transformants expressing the HzeaKPSE, HzeaLPAQ, and TniLPAQ desaturases showed no ethanol tolerance, even at ethanol concentrations as low as 2%, whereas the TniNPVE transformant was able to grow even in the presence of 7% ethanol (data not shown).
Ethanol-induced changes in the fatty acid composition of the TniNPVE transformant. The fatty acid compositions of cells expressing the TniNPVE desaturase grown in the presence of ethanol concentrations from 0 to 5% were analyzed (Fig. 2) . When ethanol was present in the medium, the relative amounts of C 16:0 , ⌬ 9 Z-C 16:1 , and ⌬ 9 Z-C 18:1 in the TniNPVE transformant cells changed dramatically. In the presence of 5% ethanol, the proportion of ⌬ 9 Z-C 18:1 doubled compared to that in cells grown in the absence of ethanol, whereas the levels of C 16:0 and ⌬ 9 Z-C 16:1 decreased by 38 and 50%, respectively. Thus, the proportion of ⌬ 9 Z-C 18:1 to ⌬ 9 Z-C 16:1 in TniNPVE cells grown in the presence of 5% ethanol increased approximately fourfold over the proportion in the same cells grown without ethanol.
Ethanol tolerance of desaturase-deficient ole1 cells supplemented with ⌬ 9 and ⌬ 11 UFAs. The L8-14C (ole1) strain was grown in medium containing 5% ethanol supplemented with UFAs as described in Materials and Methods. Figure 3 shows that ⌬ 9 Z-C 18:1 conferred the greatest tolerance to the growthinhibiting effects of ethanol, whereas ⌬ 9 Z-C 16:1 conferred the least and ⌬ 11 Z-C 18:1 conferred an intermediate level of ethanol tolerance.
DISCUSSION
We have transformed a desaturase-deficient strain of the yeast S. cerevisiae with plasmids expressing moth desaturases representing three distinct gene lineages that were established early in the evolution of the class Insecta (18) . Because of the unique biochemical properties of the expressed desaturases, each transformant strain has a characteristic UFA composition that differs from the natural state (Table 1) , thus permitting an examination of the effects of specific UFAs (e.g., ⌬ 9 Z-C 16:1 , ⌬ 11 Z-C 16:1 , or ⌬ 9 Z-C 18:1 ) on ethanol tolerance in a uniform genetic background.
In the absence of ethanol, cultures of two of the transformant strains had lag phases that were significantly different from those of the others when started with inoculations of stationary-phase cells (Fig. 1A) . The shorter lag phase of the reconstituted OLE1 strain compared to those of the other transformant strains could reflect more efficient assembly or catalysis of the active OLE1 desaturase complex, since its functional components, i.e., the desaturase and the electron transport proteins, have coevolved. In this regard, a significant difference between the active desaturase complex of the OLE1 strain and the strains expressing heterologous desaturases is that the OLE1 gene encodes a modular protein that includes a functional cytochrome b 5 domain at the carboxyl terminal of the desaturase, whereas the cytochrome b 5 component of all of the heterologous desaturase functional complexes of this study is an amphipathic mobile membrane protein encoded by a genetically discrete locus (22) . The lag phase of the TniNPVE transformant, which produces about twice as much ⌬ 9 Z-C 18:1 as ⌬ 9 Z-C 16:1 , is significantly longer than the transformants that produce more 16-carbon than 18-carbon UFAs, like the OLE1 strain. The latter observation and the predominance of ⌬ 9 Z-C 16:1 in wild-type yeast cells suggest that, in the absence of ethanol, a minimal level of ⌬ 9 Z-C 16:1 is essential to achieve optimal aerobic growth in S. cerevisiae.
Interestingly, the TniNPVE transformant showed excep- tional tolerance to the growth-inhibiting effects of ethanol compared to those of both the reconstituted OLE1 strain and the other transformant strains expressing insect desaturases, which produce predominantly 16-carbon UFAs (Fig. 1B) . This result is consistent with previous studies in S. cerevisiae (4, 8) and Schizosaccharomyces pombe (19) , which implicate elevated ⌬ 9 Z-C 18:1 in ethanol stress tolerance in yeasts. A possible mechanism of this effect is suggested by a study of mitochondrial DNA loss in wild-type S. cerevisiae cells during ethanol stress (13) , suggesting that the disruption of the mitochondrial membrane was the primary cause of ethanol-induced respiratory deficiency rather than direct damage to DNA. A primary direct effect of ethanol on mitochondrial membranes is supported by a study of Chi and Arneborg (8) , which showed that an ethanol-tolerant strain of S. cerevisiae had elevated levels of ⌬ 9 Z-C 18:1 and a reduced frequency of ethanol-induced mutation to respiratory deficiency compared to an ethanol-sensitive strain. The authors suggested that increased proportions of ⌬ 9 Z-C 18:1 counteract the membrane-fluidizing effects of ethanol and confer ethanol tolerance by maintaining functional mitochondria during ethanol stress. The conclusions drawn from these studies of ethanol tolerance in yeast cells are consistent with the essential role of UFAs in normal movement and inheritance of mitochondria in S. cerevisiae, demonstrated in an earlier genetic study by Stewart and Yaffe (29) of temperature-sensitive mitochondrial distribution and morphology (mdm) mutants, in which yeast cells with the mdm2 mutation (an allele of the OLE1 desaturase gene) exhibit severe temperature-dependent mitochondrial membrane defects, resulting in respiratory deficiency and growth inhibition.
We also demonstrate an ethanol dose-dependent compensatory change in the fatty acid composition of TniNPVE cells, with the proportion of ⌬ 9 Z-C 18:1 increasing significantly, accompanied by decreases in the proportions of both C 16:0 and ⌬ 9 Z-C 16:1 , in response to increasing ethanol concentration (Fig. 2) . These changes are analogous to those found in the cell membranes of rat brain after chronic ethanol exposure, in which an increase in ⌬ 9 Z-C 18:1 is accompanied by decreases in poly-UFAs as well as C 16:0 (10). The postulated primary effect of ⌬ 9 Z-C 18:1 on the fluid properties of lipid membranes exposed to ethanol is the opposite of the mechanistically related homeoviscous adaptation response to cold (11) , in which cells alter their fatty acid composition to achieve a compensatory increase in membrane fluidity. Although no experimental evidence bears directly on how TniNPVE cells alter the proportions of fatty acids in response to ethanol, we speculate that physical changes in the endoplasmic reticulum could cause a conformational change in the desaturase that accentuates its substrate bias (i.e., towards C 18:0 ); alternatively, the response could result from less direct mechanisms, such as ethanolinduced changes in the metabolic flux of saturated fatty acid precursors.
The results of experiments in which we supplemented desaturase-deficient L8-14C (ole1) cells with UFAs and monitored growth in the presence of 5% ethanol are complementary to our experiments with the transformant strains. Figure 3 clearly demonstrates that ⌬ 9 Z-C 18:1 is implicated in conferring ethanol tolerance. Furthermore, ⌬ 11 Z-C 18:1 was found to confer an intermediate level of ethanol tolerance compared to ⌬ 9 Z-C 16:1 . Although supplementation with ⌬ 11 Z-C 16:1 was not done because this compound was not readily available to us at the time of the study, Fig. 1B shows that the HzeaLPAQ transformant, which produces ⌬ 11 Z-C 16:1 as its sole UFA, and the TniLPAQ transformant, which produces ⌬ 11 Z-C 16:1 and ⌬ 11 Z-C 18:1 in about a 2:1 ratio, were unable to grow in the presence of 5% ethanol. Thus, neither ⌬ 11 Z-C 16:1 nor ⌬ 9 Z-C 16:1 confers ethanol tolerance in S. cerevisiae. Taken together, the results shown in Fig. 1B and 3 provide compelling evidence that elevated proportions of 18-carbon mono-UFAs, especially ⌬ 9 Z-C 18:1 , confer ethanol stress tolerance in S. cerevisiae. Other microorganisms with different fatty acid compositions have adaptive responses to ethanol exposure that may be based on similar compensatory changes in the fluid properties of lipid membranes. For example, in Escherichia coli, ethanol stress results in an increase in ⌬ 11 Z-C 18:1 and a decrease in ⌬ 9 Z-C 16:1 (14) . In the ethanol-tolerant microorganism Zymomonas mobilis, ⌬ 11 Z-C 18:1 is the most abundant UFA, and there are only minor amounts of ⌬ 9 Z-C 16:1 and C 16:0 (7). These findings suggest that microorganisms that do not produce ⌬ 9 Z-C 18:1 could be using ⌬ 11 Z-C 18:1 as an alternative to ⌬ 9 Z-C 18:1 for ethanol stress tolerance. They furthermore suggest that UFA composition could be used as a criterion in evaluating the potential ethanol tolerance of other microorganisms.
In conclusion, we report that UFA composition is a significant determinant of ethanol tolerance in S. cerevisiae and that ⌬ 9 Z-C 18:1 is the most efficacious UFA in overcoming the toxic effects of ethanol in growing yeast cells. Our findings are consistent with the notion that ethanol tolerance in yeast results from the incorporation of ⌬ 9 Z-C 18:1 in lipid membranes, effecting a compensatory decrease in membrane fluidity. Furthermore, the genetically based alterations of UFA composition reported here, which result from the functional replacement of the S. cerevisiae OLE1 desaturase with acylCoA desaturases from other sources, may be of practical value 
